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Background: Posturally induced changes in minute ventilation in patients may be
autonomically driven. This study aimed to test whether changes in autonomic tone with
posture differed between normal and asthmatic subjects and whether this related to
changes in indices of ventilation.
Methods: Ten patients with type 1 brittle asthma (BA), 10 with non-brittle, severe asthma
(SA), 10 with mild asthma (MA) and 10 normal individuals were studied lying flat, at 601
head up tilt and flat again each for 30min, assessing end-tidal CO2 (ETCO2), respiratory
rate and autonomic tone by heart rate variability.
Results: Parasympathetic tone (as high-frequency [HF] power) fell on tilt in all four
groups, all showing increases in LF (low frequency)/HF ratio (sympatho-vagal balance) on
tilt (BA, 2.03–4.9; SA, 3.3–8.2; MA, 1.5–4.9; normals, 2.3–6.6). ETCO2 on tilt fell
significantly in all 3 asthma groups (BA, DETCO2 0.4, 95% CIs 0.18 to 0.75, P ¼ 0.005;
SA, 0.7, 95% CIs 0.27 to 1.16, P ¼ 0.004; MA, 0.5, 95% CIs 0.14 to 0.78, P ¼ 0.01)
but not in normals (0.1, 95% CIs +0.23 to 0.49). The fall in ETCO2 on tilt correlated with
the fall in HF power in all three asthma groups but not in normal subjects.
Conclusion: Changes in vagal tone posture are seen on tilt in both normal and asthmatic
subjects which relate to changes in ETCO2 only in asthmatic subjects. This provides support
for the hypothesis that hyper-ventilatory response to postural change in asthma is
autonomically influenced.
& 2006 Elsevier Ltd. All rights reserved.Elsevier Ltd. All rights reserved.
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Nocturnal symptoms are characteristic of asthma, the
explanation for which is currently unclear. One hypothesis
is that the recumbent posture results in airway narrowing1,2
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lying down.3 If posture is a contributory factor in nocturnal
asthma then it is feasible that this is due to activation of the
autonomic nervous system as suggested by Mossberg1 who
suggested that vagal stimulation was the likely mechanism,
although direct evidence of such autonomic modulation was
not provided in their study. Matalan and Farhi4 suggested that
in young, normal subjects whilst tilt to +601 increased minute
ventilation, functional residual capacity and heart rate,
possibly due to mechanical factors resulting from the change
in posture, the increase in oxygen consumption seen on tilting
to +901 could be autonomically mediated, although, again
they gave no evidence to support this suggestion. We assessed
the effect of a known respiratory irritant, sulphur dioxide, on
autonomic tone in asthmatic and normal subjects using heart
rate variability (HRV) and showed that in the asthmatic
subjects parasympathetic tone was halved compared to a
doubling seen in normal subjects.5 This suggests a broncho-
protective, constrictor reaction in normal individuals. To
explain the opposite finding in asthmatic subjects, we
hypothesized that the initial exposure enhanced neurogenic
inflammation, causing airway narrowing and subsequent
vagal inhibition to reverse these constrictor effects. Conse-
quently, an inhaled (peripheral) stimulus can produce marked
autonomic effects in both normal and asthmatic subjects
while a more central stimulus (posture) might also have a
relevant effect on the airways. An analogy can be drawn with
hyperventilation syndrome (HVS) where exaggerated re-
sponses in minute ventilation on standing after a period of
recumbency have been shown, one study showing a near five-
fold greater increase than in normal subjects,6 with similarly
enhanced changes in heart rate. The authors of this study
suggested that this could be due to autonomic nervous system
activation.6 As asthma and HVS often co-exist7 and as anxiety
is frequently an associated feature we undertook a pilot study
of HRV responses to tilt in 6 patients with severe asthma. We
found a reduction in the total power component of HRV on
tilting, more so in anxious individuals,8 the change in total
power being largely due to an increase in parasympathetic
tone.
To explore the possible effect of posture on autonomic
tone and how this relates to ventilation we designed this
study (a) to determine whether the autonomic response to
tilt is more marked in severe compared to mild asthma
patients and to normal subjects and (b) whether these
changes relate to markers of ventilatory response.
Methods
Study design
A comparative exploratory study of the effects of postural
change on respiratory and autonomic responses of patients
with severe asthma (type 1 brittle asthma and non-brittle
severe asthma), mild asthma and normal subjects. Each
subject was studied for 1 day only.
Subjects
Forty subjects were studied comprising 10 with type 1
brittle asthma (BA-defined as patients with repeated attackson a background of persistent, wide variation in peak
expiratory flow (PEF) despite high dose inhaled steroids),9
10 with non-brittle severe asthma (SA-those using more than
1500mcg of beclomethasone or equivalent/day but without
the persistent variation in PEF), 10 with mild asthma
(MA—patients with asthma defined clinically, controlled on
short-acting bronchodilators on an as needed basis and/or
inhaled steroids up to 400mcg/day of beclomethasone or
equivalent) and 10 normal subjects with no history of
asthma and normal spirometry. The subjects were asked to
refrain from using short-acting b agonist drugs for 6 h and
inhaled anti-cholinergic therapy and long-acting b agonists
for 24 h before the study day.
Study procedure
Baseline spirometry was undertaken using a dry bellows
spirometer (Vitalograph, Buckinghamshire, UK), the best of
three comparable manoeuvres being used in analysis. Each
subject was then asked to lie flat on a tilt table (Huntleigh-
Akron, UK) for 30min.
ECG electrodes were attached to the upper chest and a
continuous ECG trace obtained through a Holter monitor
system for the duration of the study (MR45 recorder, Oxford,
Oxfordshire, UK). Respiratory rate was measured using a
pneumotrace attached through a Powerlab System (AD
Instruments, Oxford, UK). Blood pressure was measured at
10, 20 and 30min of the rest period using an automatic
measurement system (Criticare, Dolby, Stirling, UK). End
tidal carbon dioxide (ETCO2) was measured at the same time
intervals using the CO2SMO System (Nova Metrix, USA). The
subject was asked to breathe tidally into a mouthpiece with
a nose clip applied and a baseline value taken as the mean of
6 readings each recorded over a period of 30 s.
The tilt protocol was based on that described by Kenny et
al.10 Postural change is a non-invasive and accepted way of
assessing autonomic responses in terms of cardiovascular
responses,11 tilt angles of between 601 and 801 being
accepted as optimal for eliciting responses. The subject
was then tilted passively head up to +601 for 30min. Blood
pressure and ETCO2 were measured at 10min intervals,
whilst heart rate and respiratory rate were measured
continuously. The subject was then returned to the
horizontal position for a further 30min, blood pressure and
ETCO2 again being measured at 10-min intervals. At the end
of the second 30-min horizontal period the ECG electrodes
were removed.
Analysis
Heart rate variability
Subjects wore a Holter recorder (Oxford Medilog 45, Oxford
Instruments, Abingdon, UK) for the whole 90min of the
study period. The ECG data from the continuous Holter
recordings were templated. Outliers and ectopics were
identified and appropriately censored. All tapes were
reviewed and edited by a trained observer. Adjacent beat
times were subtracted to develop an R–R series, while the
time of the R–R events was maintained. All R–R intervals
resulting from ectopic beats, or beats 43 standard
deviations from the mean of a 5min set, were identified
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interpolated using a cubic spline and resampled at 3.4133Hz
to create an equispaced time series of 1024 points. Any
deleted R–R intervals were therefore interpolated via the
cubic spline. The least-squares linear regression of each 512
point segment of data was subtracted from the series to
approximate signal stationarity. The Fast Fourier Transform
(FFT) algorithm was used to obtain the Discrete Fourier
Transform (DFT) coefficients applying Welch’s technique
using a Hanning window 512 points wide with an overlap of
256 points. The squared modulus of the DFT coefficients was
used to calculate the power spectrum of each data set.12,13
The standard frequency bands for power calculation using
the DFT are Low Frequency (LF: 0.04–0.15Hz) and High
Frequency (HF: 0.15–0.4 Hz).13
Statistical analysis compared mean values of the various
HRV indices between the four groups. We calculated the
difference in values lying flat and on tilt for each subject
and applied paired t-tests to these differences between
groups. As the BA and SA groups showed no difference in
autonomic responses they were combined and the amalga-
mated severe asthma group then compared to the MA and
normal groups individually as a second stage of analysis.
Changes in ETCO2 and respiratory rates and between HF
power and ETCO2 were compared by linear regression. Where
data were normally distributed t-tests were used, but where
not normally distributed a Wilcoxon Rank Sum test was used.
The study was passed by the East Birmingham Health
Authority Local Research and Ethics Committee. All patients
gave written informed consent.Results
Demography
Demographic details of the subjects are shown in Table 1.
Patients with MA and normal subjects were younger than
those in the BA and SA groups and had better lung function.Heart rate variability
Table 2 shows data for LF, HF and total power and LF/HF
ratios. Baseline (flat) values of LF, HF and total power wereTable 1 Demographic details of the subjects in each group.
Diagnosis No. Age Sex FEV1 %
predicted
FVC %
predicted
FER
[Mean (SD)] [Mean (SD)] [Mean (SD)]
Brittle asthma 10 36 (13) 7F 68 (16) 80 (16) 73 (11
Severe asthma 10 38 (10) 8F 63 (21) 82 (18) 63 (16
(non brittle)
Mild asthma 10 28 (8) 7F 82 (15) 92 (12) 76 (9)
Normals 10 29 (8.5) 7F 91 (13) 100 (16) 79 (7)
FER ¼ forced expiratory ratio; ICS ¼ inhaled corticosteroid; OCS ¼ o
Beclomethasone dipropionate or equivalent.
One patient only on inhaled steroids at a dose of 400mcg.lower in the BA and SA groups compared to MA and normals,
although this was not statistically significant. HF power fell
significantly in all 4 groups on tilt, less so in the more severe
groups, although the differences in the observed decrease
on tilting did not differ between the groups. Values returned
to near baseline values in all groups on lying flat for the
second time. LF power was lower in the BA and SA groups
when separately compared to the MA and normal groups,
increasing slightly on tilt in each of the BA and SA groups but
falling in each of the MA and normal groups. On returning to
the flat position, responses in the BA and SA groups showed
no consistent pattern, but baseline values were restored in
both the MA and normal groups. LF/HF ratios (an index of
sympatho-vagal balance) increased on tilt in all 4 groups (by
146%, 152%, 228% and 193% for the BA, SA, MA and normal
groups, respectively) with a return to baseline values on
lying flat for the second time, implying increased vagal tone
in the recumbent posture both in the normal and asthmatic
state. Total power showed no change on tilt in the BA and SA
groups but a fall in each of the MA and normal groups with
values increasing in all four groups on lying flat the second
time, although none of these changes reached statistical
significance.Changes in ETCO2
There was a statistically significant fall in ETCO2 on tilt in all
3 asthma groups but not in normal subjects (BA, P ¼ 0.005;
SA, P ¼ 0.004; MA, P ¼ 0.01,) (Table 3). ETCO2 increased on
lying for the second time, the changes again being
statistically significant for the 3 asthma groups. There were
no significant changes in respiratory rate on changing
posture in any group (Table 3). There was no consistent
change in ETCO2 in the normal subjects, where falling values
over time were unrelated to posture.Relationship between ETCO2 and HF power
Figure 1a–d shows values of ETCO2 against HF power on
moving from flat to +601 for all 4 groups. There is a positive
relationship between the two indices in all asthma groups
but normal subjects showed no change in ETCO2 despite
similar changes in HF power.ICS
median
(range)
No. of
patients
on OCS
No.
taking
nebulised
No.
on
LAB
(mcg/day) (Mean daily dose) Bronchodilators
) 2000 (2000–4000) 3 (10mg) 6 9
) 2000 (2000–4000) 3 (10mg) 4 10
0 (0–400) None on OCS None None
None on ICS None on OCS None None
ral cortico-steroids; LAB ¼ long acting bronchodilator.
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Table 2 Heart rate variability (ms2) in the 4 groups when flat, tilted to +601 and flat.
Subjects 1st flat Tilt 2nd flat Mean difference
Mean SD Mean SD Mean SD 1st flat and tilt Tilt and 2nd flat
HF Power
Brittle asthma 462.8 609.2 267.7 372.5 554.8 736.5 195.1 287.1
Severe asthma 364.2 295.3 208.7 223.9 454.3 403.3 155.5 245.6
Mild asthma 1623.2 3225 249.5 254 1895.2 3045 1373.7 1645.7
Normal 626.1 501.2 198.8 146.1 787.4 804.1 427.3 588.6
LF Power
Brittle asthma 679.1 711.5 785.7 994.8 1069.3 1322 106.6 283.6
Severe asthma 888.6 1027.8 1145.5 1518.7 1125 1157.9 256.9 20.5
Mild asthma 1211.9 2053.9 951 791 1327.5 1653.5 260.9 376.5
Normal 1133.5 1035.5 874.5 478.6 1080.4 827.8 259 205.9
LF/HF ratio
Brittle asthma 2.032 1.21 4.99 3.38 2.4 1.31 2.958 2.59
Severe asthma 3.27 2.47 8.23 6.49 2.57 1.5 4.96 5.66
Mild asthma 1.48 0.94 4.85 2.11 1.54 1.05 3.37 3.31
Normal 2.26 1.51 6.62 4.19 1.84 1.48 4.36 4.78
Total power
Brittle asthma 2128.3 2118.9 2104 3005.4 3041.1 3388.9 24.3 937.1
Severe asthma 2316.5 2052.6 2505.8 2680.8 3247.3 3009.7 189.3 741.5
Mild asthma 4431 7125.5 2443.7 1862.5 5006.8 5889.6 1987.3 2563.1
Normal 3466.4 2324.4 2889.7 1710.4 4153 2928.7 576.7 1263.3
LF ¼ low frequency power; HF ¼ high frequency power.
Table 3 End tidal CO2 (ETCO2, kPa) and respiratory rate lying flat and on tilt (+601) in the 4 subject groups.
ETCO2 (kpa) Respiratory rate
Flat Tilt Flat again Difference between
1st flat and tilt
Difference between
flat and 2nd tilt
Flat Tilt
Mean SD Mean SD Mean SD Mean (95% CI) Mean (95% CI) Mean (SD) Mean (SD)
Brittle asthma 4.34 0.88 3.88 0.98 4.36 0.7 0.46 (0.18 to 0.75) 0.48 (0.74 to 0.21) 14.9 (3) 15.3 (3.2)
Severe asthma 4.52 0.62 3.84 0.65 4.28 0.83 0.68 (0.27 to 1.16) 0.3 (0.92 to 0.31) 13.0 (3.7) 13.6 (3.7)
Mild asthma 4.67 0.47 4.21 0.65 4.48 0.66 0.46 (0.14 to 0.78) 0.27 (0.64 to 0.11) 16.2 (6.6) 16.7 (7.1)
Normals 4.69 0.6 4.56 0.64 4.26 1.6 0.13 (0.23 to +0.49) 0.3 (0.59 to 1.2) 15.4 (4.4) 15.2 (4)
P ¼ 0.005 tilt vs. 1st flat period.
P ¼ 0.004 tilt vs. 1st flat period.
P ¼ 0.01 tilt vs. 1st flat period.
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This study has confirmed the decrease in vagal tone on
tilting to +601 in normal subjects and has demonstrated this
for the first time in asthma across a range of severity. We
have also demonstrated a significant fall in ETCO2 on sitting
up from flat to 601 in subjects with asthma but not in normal
subjects. In the absence of a change in respiratory rate, this
implies a possible increase in tidal volume on tilt to produce
the drop on ETCO2, although this has to be an assumption as
we did not measure breath-by-breath tidal volume. Because
we did not measure changes in airflow before and after tilt,
as repeated forced expiratory manoeuvres would havealtered HRV indices, we could not formally test whether
posture affected airflow. However, the findings are consis-
tent with changes observed in a group of non-asthmatic
subjects with HVS on standing in a previous study.6 This
study was not designed to address the effects of either
anxiety or hyperventilation per se, but simply to consider
the effect of posture on autonomic tone, although the
association with differences in ETCO2 does suggest differ-
ences in ventilatory response to posture in asthmatics but
not normal individuals. The changes in ETCO2 seen only in
the asthma groups, might be due to increases in tidal
volume, the usual response seen at the onset of an asthma
exacerbation. In this context this could be due to a change
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Figure 1 Values of ETCO2 against HF power on moving from flat to tilted for (a) mild asthma (b) severe asthma (c) normal subjects
and (d) Type 1 brittle asthma. Solid arrow represents the mean of all subjects in each group.
Changes in vagal tone with posture in asthma are related to changes in ventilatory pattern 1005in autonomic tone or due to anxiety-related hyperventila-
tion although the tilting process was in itself not an anxiety-
generating stimulus. Whether such an anxiety-driven change
in tidal volume is related to changes in autonomic tone or
whether these are simply coincident effects of postural
change needs to be addressed.
Indices of autonomic function showed wide variability as
expected across all groups both on lying and when tilted,
the considerable inter-individual variability probably
contributing to the lack of statistical significance in
some comparisons. However, there was a suggestion
that all indices were lower in the BA and SA
groups compared to the MA and normal groups. Lying
down is known to be associated with impaired ventilatory
function in both normal and asthmatic subjects, being
more prolonged and progressive in some individuals with
asthma, possibly due to vagal activity.1 In the present
study, tilting to 601 produced a predominant sympathetic
effect in all groups (as reflected in the marked increases in
LF/HF ratio, Table 2) and a parasympathetic increase on
lying flat. Consequently, lying down results in sympatho-
vagal balance being more vagally dominated, potentially
acting as a broncho-constrictor. This lends support to the
vagal hypothesis for nocturnal asthma suggested by
Mossberg1 although in the present study each individual
was only studied for 30min in each position, so it is notknown whether this vagal dominance on lying down was
maintained for longer or to a greater degree in the
asthmatic subjects.
Ballard et al.2 in an elegant study using horizontal
volume-displacement plethysmography, showed that FEV1,
but not bronchial responsiveness to methacholine, was
reduced on lying down. The possible effect of postural
change on functional residual capacity was avoided in this
experiment by strapping the abdomen and chest wall in
either the supine or upright posture, so the volume changes
seen were likely to be an effect over and above those due to
posture during sleep and could thus help explain nocturnal
asthma. These authors did not suggest a reason or
mechanism for this finding but an autonomic effect could
explain the changes seen. Work from the same group
subsequently showed that the interdependence between
lung volume and resistance when awake and upright is lost
during the early phases of sleep in asthma, although not in
normal subjects, this uncoupling being postulated by the
authors to be, at least in part, neural in nature.14 In contrast
to the lack of change in bronchial responsiveness on lying
down reported by Ballard and colleagues, others did find
enhancement of bronchial responsiveness to methacholine
in asthmatic subjects after 4 h of recumbency, particularly
in those with the greater baseline reactivity,15 although
allergen exposure 24 h before hand did not have an additive
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changes in lung volume. While autonomic influences were
put forward in a number of these studies to explain the
respective findings, none specifically measured autonomic
function and our findings provide some evidence to
support the suggestion that posture has a relevant
effect on autonomic tone in asthma. The autonomic changes
in our study were broadly the same on postural change in
both asthmatic and normal groups, but the link
between ETCO2 and HF power seen only in the asthmatic
subjects suggests that posture can affect respiratory
control and that this could be due to changes in vagal
tone. Such changes in vagal tone occurring in normal
individuals will have little effect on lung mechanics
but in the asthmatic individual could make an important
contribution to airway narrowing by acting on primed,
inflamed airways and thus potentially contributing to
nocturnal asthma. This complements our earlier findings
with sulphur dioxide where we have shown that
asthmatic subjects show vagal inhibition in response to this
inhaled irritant, essentially a bronchodilator response
and the opposite to that seen in normal individuals.
This response to a peripheral stimulus can thus be
contrasted to the general (central) stimulus of postural
change where there is no difference between normal
and asthmatic subjects suggesting that the response to a
general autonomic stimulus will depend on the sensitivity of
local tissues in terms of local effects. It is not known how
long the vagal enhancement on recumbency persists for in
either normal or asthmatic subjects but if this is more
persistent in asthmatic subjects then this would again
suggest an altered state of autonomic regulation with the
potential to modulate responses to other exposures or
triggers. Consequent airway narrowing would result in
changes in ventilatory rate and thus, in the susceptible,
hyperventilation and consequent reductions in ETCO2 as we
have shown here.
In summary, we have shown that changes in vagal tone
(HF power) are correlated to a marker of ventilatory
response (ETCO2) to changes in posture in asthmatic but
not in normal subjects. While there was a suggestion that
there were differences in autonomic response in relation to
asthma severity, this was neither statistically significant nor
consistent, possibly related to higher levels of concurrent
medication in the more severe groups. However, the findings
are consistent with a role for the parasympathetic nervous
system not only being of importance in asthma but also
suggesting that autonomic preset may be a fundamental
underlying feature of asthma.17References
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